Measurement and imaging modes of scanning probe microscopy (SPM) have been routinely applied for characterizing systems of nanoparticles; however the evolution of fabrication methods to prepare arrangements of nanoparticles remains a challenge. Reproducible fabrication of surface structures which integrate nanoparticles within ultra-small patterns will require innovative approaches to achieve high throughput and precision. Strategies for nanoscale lithography have been introduced for preparing defined arrangements of nanoparticles on surfaces based on physical or chemical interactions. For example, physisorption was employed for attaching nanoparticles based on colloidal lithography and site-directed assembly. Microfabricated atomic force microscope (AFM) tips with capillary channels have been used to pattern nanoparticles through electrostatic interactions. Specific chemical interactions can be designed for patterning nanoparticles with dip-pen nanolithography and SPM-based fabrication. Studies with nanoparticles are reviewed, which have applied either in situ and ex situ approaches for imaging and measurements using modes of SPM. The imaging principle for contact and tapping modes are described with example studies of nanoparticle patterns. The SPM modes for measuring physical properties (e.g. magnetism, softness, conductance) using force modulation microscopy (FMM), magnetic force microscopy (MFM), magnetic sample modulation (MSM), and conductive probe AFM are described for selected studies of lithography with nanoparticles. Strategies for patterning nanoparticles using lithography modes of nanoshaving, dip-pen nanolithography, and tip-induced oxidation have been reported for a range of nanoparticle systems. Applications for nanotechnology will require the integration of nanoparticles within engineered surface architectures. Stable, organized arrangements of nanoparticles with robust chemical/physical attachment to surfaces will be needed for applications, to fully gain advantages of the characteristic quantum properties of nanoparticles.
Introduction
Measurement and imaging modes of scanning probe microscopy (SPM) provide capabilities for ultrasensitive characterizations of samples with exceptional resolution at the level of individual molecules or atoms. For studies with nanoparticles, several measurement and fabrication modes of SPM have been applied to acquire fundamental chemical and physical information, beyond basic characterizations of the size and shape
The optical, electrical, magnetic and catalytic properties of diverse systems of nanoparticles are different from that of bulk materials, which is attributable to quantum-scale dimensions [1] . The composition and chemistry of nanoparticles have been proposed for emerging technologies for sensors and photoelectronic devices [2] . Patterned arrangements of metal and semiconductor nanoparticles have been integrated in electronic circuits [3, 4] , single-electron tunneling devices [5] , electronic connections and 3D plasmonic structures [6] . Surface patterns of nanoparticles have been tested as substrates for surface enhanced Raman spectroscopy (SERS) substrates [7, 8] .
Strategies have been developed to chemically attach nanoparticles in designed arrangements, which can help to address problems with SPM characterizations as well as to enable production of complex structures for technical applications. To define the surface placement of nanoparticles, combining nanoscale lithography with SPM measurements is a practical strategy to enable well-resolved surface characterizations with systems of nanoparticles.
To accomplish lithography, parameters which influence the localization of nanoparticles to form well-defined patterns include the chemical nature of the nanoparticle as well as the reactivity of the interface. The interface can be designed to integrate chemical specificity for binding nanoparticles using approaches with chemistry-based lithography. The hydrophobic or hydrophilic nature of the substrate is a key parameter for accomplishing nanoscale lithography. In this report, we review lithographic approaches with nanoparticles and discuss strategies for surface characterization using modes of SPM. The strategies for nanopatterning are determined by the complex interplay of the chemical/physical nature of the substrate, the surface composition of the nanoparticle as well as the selection of organic molecules used as linkers.
Characterization of Nanoparticle Patterns with Modes of SPM
For SPM imaging, the shapes of surface features are outlined by a sharp probe, with an apex which is often greater in size than the dimensions of samples. The resolution that is typically achieved for SPM is influenced by the nature of the sample as well as instrument parameters. Studies using modes of SPM with nanoparticles can be challenging because the adhesive interactions between the tip and sample can displace and push around materials that are weakly adsorbed at the solid interface. Further, when suspensions of nanoparticles are dried on flat surfaces the materials tend to deposit to form dense aggregates and multilayers. The individual shapes of features cannot be fully outlined for aggregates and clusters, because the scanning probe cannot penetrate between nanoparticles to trace the contour of nanoparticles that are closely packed together. Beyond imaging, information of physical properties such as friction, stiffness, adhesion, conductance, and magnetism can be obtained for nanoparticles using modes of SPM. Commercial SPM systems can be configured for physical measurements by changing certain instrument factors such as the nature of the probe (magnetic, conductive) or the operational parameters for feedback. For measurement modes, the probe is used as a force sensor to measure interactions between the tip and sample at scales from nanometers to microns. The modes listed in table 1 have been applied for characterizing nanoparticles and will be successively described, followed by examples from previous reports. 
Imaging Nanoparticles with Contact and Tapping Modes of SPM
For operation in contact mode, the tip is placed in continuous contact with the surface under a certain force, as the probe is scanned across the sample in a raster pattern. As the tip moves up or down across the sample during scans, changes in the deflection of the cantilever are detected with a photodetector as outlined in figure 1a. Images of topography are generated point-by-point to map changes in tip deflection compared to an initial force set point. The electronic controllers for SPM instruments enable precise adjustments for the z direction of the scanner using a feedback loop to control the amount of force applied to the tip. Contact mode atomic force microscopy (AFM) enables ultrasensitive 3D measurements, to achieve lateral resolution of 0.1 nm and vertical resolution of 0.01 nm [14] . Using contact mode AFM, atomic resolution has been achieved with a sharp tip for ultraflat surfaces such as graphite [15] , molybdenum sulfide [16] , inorganic crystals [17, 18] and metal oxides [19] .
The shear forces and stick-slip adhesion of a probe operated in contact mode can cause perturbation of the surface or may damage soft or fragile samples. Achieving well-resolved images can be problematic if the tip sticks to Madridge J Anal Sci Instrum. ISSN: 2638-1532 Volume 4 • Issue 1 • 1000119 the surface, producing line spikes in images. Tapping mode was developed to overcome stick-slip adhesion, in which the tip is operated in intermittent contact to improve resolution for imaging delicate or soft and sticky samples. Tapping mode can also be helpful for preventing the probe from dislodging or pushing nanoparticles from the substrate.
For tapping mode operation (Figure 1b ), the AFM cantilever is driven by a piezo actuator to rapidly "tap" the surface by oscillation near the resonance frequency. The tip is placed sufficiently close to the surface such that it is intermittently driven to make contact and then disengage. A small piezo-actuator element is used to drive the tapping motion of the cantilever. The tip is driven to quickly touch the surface to prevent transient interfacial binding of the probe to the surface to mitigate problems caused by stick-slip adhesion. The feedback loop is configured to maintain a constant amplitude of the cantilever motion compared to the initial driving signal. As the tapping tip is scanned across a sample, the oscillation of the cantilever is affected by tipsurface interactions (damping effects) which can be sensitively detected using a lock-in amplifier. With tapping mode, adjustments of the voltages are converted to digital images to generate topography and phase frames which are acquired concurrently. Shifts in the amplitude and phase of the cantilever are plotted to obtain information of the elastic response of nanomaterials. 
Characterization of Nanoparticles with Force Modulation Microscopy (FMM)
Force modulation microscopy (FMM) is used for studying the mechanical characteristics of samples, as introduced by Maivald et al. in 1991 [20] . Information of elastic and viscoelastic [21, 22] properties as well as quantitative measurements of Young's modulus can be measured at the nanoscale [13, 23] . For FMM operation, a feedback loop is used to maintain a constant cantilever deflection during imaging to generate topography frames, in the same configuration as contact-mode AFM. During scans, the sample is driven to vibrate in the z direction by a piezo actuator placed under the sample (Figure 2a ). Unlike tapping mode, the tip remains in continuous contact with the vibrating sample for FMM imaging. With FMM, the force between the tip and sample is modulated which causes shifts in the amplitude and phase vibration of the probe/sample compared to the driving AC signal. As the tip is traced over a hard surface, the amplitude response increases in magnitude compared to the driving signal ( Figure 2b ). Whereas, when the tip is scanned across a soft region, the amplitude is reduced because the oscillation is absorbed or dampened. The amplitude and phase shifts of the signal from a position sensitive detector (PSD) are mapped concurrently with topography frames to generate digital images from the amplitude and phase response. Local differences in the elastic response of the sample can be sensitively mapped to reveal differences in sample composition correspondingly with topography frames. 
Measurements with Magnetic Force Microscopy (MFM) for Nanoparticle Samples
The mode of magnetic force microscopy (MFM) uses a probe that is coated with a thin magnetic film of Co, Fe or an alloy for operation in noncontact mode [24, 25] . For the MFM configuration, a magnetic tip is lifted above the surface at discrete distances to sense the relatively weak, long-range forces of magnetic areas of samples. For MFM, the magnetic strength of the sample must be sufficiently strong to deflect or attract a micrometer-sized cantilever. For MFM operation in lift mode, the tip is scanned in contact mode to obtain a Madridge J Anal Sci Instrum. ISSN: 2638-1532
profile of the topography line-by-line, then lifted a certain distance to retrace the memorized surface corrugation during noncontact operation. During lift mode operation, the MFM tip will deflect according to the magnetic polarity of the sample to furnish surface maps of the strength and polarity of magnetic domains. The magnetic probe of MFM is used as a sensor to detect the relatively weak long-range forces of magnetic areas of surfaces operating at selected distances from 50-200 nm. The underside of the tip is coated with a magnetic metal which results in a fairly blunt probe, which limits the resolution of MFM to around 200 nm. When an ultra-sharp specialized probe is used for MFM, resolution on the order of 5 nm has been reported [26] . The MFM mode has been used for measurements with surface arrangements of ferromagnetic nanoparticles composed of Fe/Co [27] , Fe/Pt [28] , and Fe/Co/P [29] , as well as for superparamagnetic magnetite nanoparticles [30] .
Investigations with Magnetic Sample Modulation AFM for Patterns of Nanoparticles
Magnetic sample modulation (MSM) AFM is a hybrid of contact mode AFM combined with actuation of magnetic samples. The MSM mode has been applied for studies of magnetic materials such as ferritin [31] , iron nanoclusters [32, 33] and composite FeNi 3 nanoparticles [11] . A nonmagnetic probe is required for MSM-AFM for operation using a force set point for feedback with contact mode configuration. When an AC electromagnetic field is applied to samples, the magnetic areas of the sample are driven to vibrate in response to the magnetic flux. A key variable for the imaging strategy for MSM is that a magnetic tip is not required. Instead of measuring magnetism directly, the sample vibration in response to the magnetic field is detected by changes in the motion of a non-magnetic probe placed in contact with the sample (Figure 3 ). A solenoid placed under the sample is used to generate a magnetic field which alternates in polarity and strength according to the frequency and amplitude parameters of the AC driving current. Samples are placed close to one end of the solenoid to experience the strongest flux of the field. Magnetic nanostructures are induced to vibrate in the electromagnetic field providing selective contrast for the magnetic areas that are in motion. The changes in MSM phase and amplitude relative to the driving AC signal are detected and mapped with the MSM to identify the areas of magnetic domains.
With MSM-AFM, extreme sensitivity is achieved for slight changes in tip movement because a lock-in amplifier is used to acquire the amplitude and phase components of the deflection signals. The field strength applied for MSM is on the order of 0.05 to 0.6 Tesla, and high-field permanent magnets are not required for measurements. For the instrument set-up of MSM, positional feedback employs the force-deflection settings typical for contact mode to acquire topographic data. The MSM-AFM mode furnishes sensitive maps of the magnetic areas of samples. To obtain amplitude and phase components of the tip motion, an auxiliary output channel from the quadrant photodiode of the AFM scanner is directed to input channels of a lock-in amplifier, using the driving AC waveform as a reference. Thus, the periodic motion of the sample vibration can be tracked by changes in the deflection of the tip. The changes in phase angle and amplitude are plotted as a function of tip position to generate MSM phase and amplitude images.
Characterization of Nanoparticle Samples with Conductive Probe AFM
Conductive-probe AFM (CP-AFM) has been used for studies of the conductive properties of nanoparticles composed of gold [4, 5, 34] , Pt [3] , silica [35] , and Ag [35] . Nanoparticles of noble metals (Pt, Au, Ag) were used as contacts for CP-AFM measurements between conducting polymers and metal nanoparticles reported by Cho and Park [3] . With the CP-AFM mode, topographic maps are acquired simultaneously with current images by applying a bias between a metal-coated tip and the sample. By parking the tip on individual nanoparticles or nanostructures, current-voltage (I-V) spectra can be acquired at local points by ramping the voltage. Standard AFM tips made of silicon or silicon nitride are coated with a thin layer (15-100 nm) of metal (Au, Pt, Co/Cr). To acquire I-V spectra, a bias voltage is applied to the sample, and the current through the tip-nanoparticle-sample junction is measured with a sensitive preamp placed near the tip. Conductive (gold and graphite) or semi-conductive (silicon) substrates are used for measurements with CP-AFM. Current maps can be acquired by scanning the tip in contact mode by applying a fixed bias to the sample.
Approaches for Nanoscale Lithography with Nanoparticles
A number of approaches have been developed for directing the assembly of nanoparticles on flat substrates to facilitate SPM measurements or to integrate nanoparticles in device designs. Chemistry-based patterning strategies for nanoparticles Madridge J Anal Sci Instrum. ISSN: 2638-1532
have been developed by functionalizing either the substrate or nanoparticles with specific groups to direct surface binding in defined arrangements. Physical adsorption has also been applied for patterning nanoparticles by dispensing solutions of particles which are attached to surfaces by physisorption when dried. Examples of techniques used for patterning nanoparticles at nanometer scale are summarized in table 2, with information of the SPM modes used for characterizing samples. In several examples, the SPM instrument was configured for both nanoscale lithography and imaging of nanoparticle patterns. Electronic and magnetic fields have been used for directing the assembly of magnetic nanoparticles in defined arrangements [36, 37] . Techniques that have been used for high-throughput patterning with nanoparticles include dip-pen nanolithography [38, 39] , microcontact printing [40, 41] , and colloidal lithography [1, 42, 43] . 
Nanodispensing of Nanoparticles to Form Patterns
Nanopatterns can be prepared by nanodispensing, in which a modified AFM probe is used to deposit ultra-small volumes of nanoparticle solutions onto a substrate. After the sample has been dried, the nanopatterns can be characterized with a regular AFM probe after exchanging tips. Nanodispensing, as outlined in figure 4a , was used to deposit 25 nm polystyrene nanoparticles onto silicon oxide and glass substrates functionalized with aminopropyltriethoxysilane (APTES) through electrostatic interactions [44] . A drop of liquid was placed on top of a modified AFM cantilever with a channel for dispensing ( Figure 4b ). The channel within the AFM tip was prepared by micromachining using focused ion beam milling.
Drops of liquid were dispensed in defined arrangements by placing the tip in contact with the surface. Afterthe solvent (water) had evaporated, a defined arrangement of nanoparticle patterns was formed. After the nanosized drops of the sample had dried, an array of nanoparticle deposits was produced as shown with the example 8 × 8 array in figure 4c. Individual nanoparticles were resolved using tapping mode AFM characterizations, shown in the zoom-in images of figure 4d. As a further example of nanodispensing, gold nanoparticles (15 nm) were patterned on amino-functionalized silicon substrates through electrostatic interactions by Wu et al. [45] using an AFM probe fabricated with microchannels. The nanopatterns were characterized by tapping mode AFM after the liquid had evaporated. The size and height of the patterns was affected by the contact time between the tip and the substrate, for example 600-700 nm dots were produced with 2 s contact time. Functionalized nanodiamonds with fluorescent coatings were patterned using a "nanofountain probe" by Loh et al. [46] . The probe was designed with a reservoir to feed liquid through a microchannel to a tip with an aperture for dispensing by capillary transport. The nanodiamonds (4-10 nm diameter) were coated with a chemotherapeutic agent or fluorescent markers and dispensed onto glass substrates using water and dimethyl sulfoxide as solvents. Using the nanofountain probe, dot patterns were prepared with sizes ranging from 93 nm to 351 nm. The patterning step was accomplished using contact mode AFM, however the ultra-small surface features were characterized with tapping mode.
SPM-Based Lithography with Nanoparticles
Innovative protocols have been developed for arranging nanoparticles on surfaces using an SPM tip as a mechanical tool for patterning. Examples of the strategies for SPM-based patterning of nanoparticles are summarized in table 3. By applying high force to the probe, local areas of films can be mechanically scratched or shaved for subsequent deposition of nanoparticles [51] . Patterns with designed interfacial chemistry can be prepared by SPM-based lithography with organic thin films to use as templates for selective deposition of nanoparticles through specific chemical interactions [12] . Dip-pen nanolithography (DPN) is another SPM-based method for patterning nanoparticles, in which an AFM tip is coated with nanoparticles to write patterns directly in defined local arrangements [39] . When applying a high mechanical force to an AFM probe, mechanical scraping or nanoshaving of surface films can be accomplished to expose small areas of the substrate. Patterns of microlines were prepared using SPM-based nanoshaving of a film of soft polymer by Chen et al. [52] . Samples were prepared by coating on SiO 2 /Si substrate with APTES. Negatively charged gold nanoparticles (13 nm) were assembled on the APTES layer through attractive electrostatic forces. A further layer of poly(methylmethacrylate) (PMMA) was spin-coated onto the surface (30 nm thickness). The in situ protocol for patterning with an AFM tip is shown in figure  5a in which the probe was used for both steps of imaging and fabrication. An AFM tip was operated with tapping mode to scrape across the surface of the film, to produce grooves of uncovered substrate measuring 100-200 nm in width, as revealed with tapping mode AFM topographs in figures 5b-5d. The 3D shape of the microchannels is shown with line profiles in the insets. At this magnification the AFM images do not clearly reveal the shapes and locations of gold nanoparticles, however electron micrographs that correspond to the samples are shown in figures 5e-5g. The shapes and surface density of gold nanoparticles and gold nanorods can be clearly resolved with SEM along the surface features of microlines. Dip-pen nanolithography (DPN) has been applied for direct surface patterning with nanoparticles of gold [39, 53] , iron oxide [38] , cobalt [54] , CoPt [55] , CoFe 2 O 4 [55] , CdS [50] , BaFe [56] , and metal-organic nanocrystals [57] . The processes for patterning and imaging nanopatterns prepared with DPN were accomplished ex situ. The writing is completed using a coated probe and imaging is accomplished in a separate step using a clean tip to image patterns with either contact or tapping mode AFM. The probe for DPN is pre-coated with an ink material containing nanoparticles which diffuse onto clean surfaces when the tip is placed in direct contact with the substrate. To guide the repositioning of a clean probe, alignment marks are scored on the sample to enable subsequent characterizations of DPN nanopatterns with selected imaging modes of SPM such as contact and tapping mode. A study using the MFM mode was reported by Fu et al. for nanostructures of magnetic barium hexaferrite BaFe 12 O 19 , written with DPN using a tip that was coated with a sol-based ink [56] . A drawback for SPM-based methods for patterning nanoparticles is that patterns are written individually in a relatively slow, serial process. To address this problem, arrays of microfabricated probes have been developed to enable writing hundreds of patterns simultaneously using DPN [58] . Surface-active nanoparticles were patterned within a methyl-terminated resist layer of decanethiol using an approach based on nanoshaving [51] . The in situ procedure for patterning and characterization is shown in figure 6a . Gold nanoparticles were coated with a mixed monolayer of alkanethiol and alkanedithiol to furnish sulfur linker groups to attach to gold substrates via S-Au chemisorption. The thiolated nanoparticles physisorb to the surface of the silicon nitride AFM probe when a droplet of nanoparticle suspension is deposited and allowed to dry. When imaging in contact mode with a small force applied to the probe, the methylterminated resist surface of decanethiol/Au is not disturbed and the nanoparticles persist on the tip. When a higher force is applied to the probe, local areas of the matrix monolayer are shaved away. At the same time, with high force, the thiolated nanoparticles from the probe deposit on the gold surface following the scanning track of the tip. Returning to low force, the same probe can be used for imaging the nanopatterns. An example rectangle pattern (150 × 450 nm 2 ) of ~45 thiol-coated Au nanoparticles is shown in figure 6b . The height of the nanoparticles measured 4-5 nm, shown with an example line profile in figure 6c.
Site-Directed Synthesis for Preparing Patterns of Nanoparticles
Nanoparticles can be directly synthesized on surfaces by patterning precursor mixtures and heating the samples to complete the reaction. For example, DPN was applied to pattern metal nanoparticles (400 nm) on a silicon substrate using sitedirected synthesis [47] . An AFM tip (pen) was coated with a mixture of block copolymer, poly(ethylene oxide)-block-poly(2-vinyl pyridine) and metal salt (Figure 7a ). Patterns were written at selected sites using DPN to deposit the polymer/metal precursor mixture to form a periodic arrangement (Figure 7b ). The sample was first heated under argon at 150°C for annealing, which is above the glass transition temperature of the block copolymer. A second heating step at 500°C was then applied to decompose and remove the polymer matrix to form individual gold nanoparticles (Figure 7c ). Multiple particles were formed in the absence of a thermal annealing step at lower temperature (Figure 7d ). Periodic arrays of nanoparticles composed of rare earth oxides (REO) were synthesized and patterned using protocols based on colloidal lithography as reported by Englade-Franklin et al. [9] . The synthesis of REO nanoparticles was localized specifically inside nanoholes formed within a film of octadecyl trichlorosilane (OTS) that had been prepared using a surface Madridge J Anal Sci Instrum. ISSN: 2638-1532 Volume 4 • Issue 1 • 1000119 mask of SiO 2 particles (500 nm). After an immersion step, the nanoholes within OTS were filled with a precursor solution of erbium and yttrium salts. The sample was heated to 800°C to form Erbium-doped Y 2 O 3 nanoparticles as well as to remove the organic matrix of OTS. An array of ~140 nanoparticles is disclosed in the tapping mode AFM topography frame of figure 8a, arranged on the surface according to the periodicity (500 nm) of the SiO 2 particles of the surface mask. The average height of the nanoparticles measured 4 nm as shown with an example cursor profile in figure 8b . An individual REO nanoparticle is shown in figure 8c , evidencing the clean removal of the OTS matrix. 
Chemically Driven Assembly of Nanoparticles on Surface Templates
Chemically driven assembly is an approach for patterning which is based on the chemical interactions between nanoparticles and a substrate. The assembly of nanoparticles takes place on chemical patterns of polymers, sols, and selfassembled monolayers (SAMs). To bind nanoparticles, either the nanoparticles or substrate is functionalized with selected chemistries. Close-packed and regular arrays of nanoparticles have been assembled based on chemical interactions between nanoparticles and patterns of chemically specific substrates. Designing the binding chemistry for each type of particle− substrate combination can be used to address potential problems with non-specific adsorption.
The adsorption of cationic gold nanoparticles on functionalized nanopatterns prepared by successive reaction steps was reported by Wouters and Schubert [48] . Submicronsized patterns were prepared by local probe oxidation of silicon wafers functionalized with OTS. Nanopatterns of OTS were locally oxidized using conductive AFM probes with a coating of TiN or W 2 C operated in contact mode (0.5 V). Cationic gold nanoparticles with a diameter of 20 nm were attached to nanopatterns functionalized with undecyltrichlorosilane through electrostatic interactions between negatively charged patterns and positively charged nanoparticlesas shown with the example of concentric ring nanopatterns in figure 9 . The nanostructures of gold nanoparticles were imaged ex situ with tapping mode AFM using silicon tips. in situ [12] . Using contact mode, an AFM instrument was configured for tip-induced local oxidation to prepare -COOH functionalized patterns within an inert background monolayer of methyl-terminated OTS. A 9 × 9 array of oxidized dots were resolved using contact mode AFM, the chemical changes are readily visualized in the friction image of figure 10a. Vinylterminated non adecenyltrichlorosilane (NTS) was then bound to the oxidized sites to form a bilayer (Figure 10b ). Further steps of photoreaction and chemical reduction were used to convert the vinyl groups of NTS to amines. Gold nanoparticles (2-6 nm diameter) assembled selectively on the aminoterminated bilayer nanopatterns based on electrostatic interactions (Figure 10c ). Arrays of gold nanoparticles were prepared on indium tin oxide (ITO) with SPM-based nanoshaving of SAMs followed by chemical modification as reported by Yang et al. [59] . First an ITO substrate was coated with methyl-terminated octadecyltrimethoxysilane using heated chemical vapor deposition. In the next step, the SAM was locally worn away with AFM lithography to expose areas of the substrate by operating the AFM tip in contact mode using higher force. The exposed areas were filled with amino terminated groups by exposure to APTES vapor. Gold nanoparticles were selectively assembled on the patterned template ex situ by immersing the sample in a solution of gold nanoparticles (20 ± 3 nm). A necklace pattern of nanoparticles was arranged to form a circle, with precise alignment of a single line of closely spaced nanoparticles.
Arranging Nanoparticles on Surfaces using Colloidal Lithography
Approaches using colloidal lithography with nanoparticles enable high throughput for preparing millions of nanopatterns with a regular periodicity defined by a surface mask of colloidal latex or silica mesoparticles. Protocols for colloidal lithography have also been referred to as nanosphere lithography or particle lithography, and implement a film of monodisperse spheres to mask local areas of the substrate. Strategies with colloidal lithography have been developed for patterning nanoparticles through chemical or physical interactions to generate circular arrangements with periodic spacing according to the dimensions of the template spheres. Colloidal lithography has been used to directly pattern nanoparticles using a film of mesospheres as a structural template, or the spheres can be used as a surface mask for patterning organic thin films which furnish reactive sites for selective binding of nanoparticles. Nanoscale lithography was used to prepare TiO 2 nanoparticles by exposing a glass substrate masked with polystyrene particles to heated evaporation of titanium [49] . Metal oxide nanomaterials derived from TiO 2 have been tested for applications with photocatalysis, solar energy conversion and hydrogen storage. A periodic hexagonal arrangement of TiO 2 nanoclusters was deposited through the sphere mask by heating a titanium filament in a vacuum system (10 -6 Torr) that was backfilled with oxygen. The surface mask was removed by sonication in ethanol to reveal an array of TiO 2 particles measuring 13 ± 2 nm in height as shown in figure 11a . The spacing between TiO 2 deposits measured 414 ± 8 nm, which follows accordingly from the 420 nm diameter of the sphere mask. The lattice parameters of the crystalline surface arrangement are depicted in figures 11b and 11c. An approach for "two-particle" lithography was reported by Lewandowski et al. in which particles with different sizes and composition were mixed together to generate nanopatterns [50] . Two particle lithography was used to pattern cysteine-coated CdS nanoparticles (2 nm) on muscovite mica by evaporating a mixture of small CdS nanoparticles with silica spheres (500 nm). The particles arranged spontaneously with ambient drying so that the larger silica spheres packed together to form a surface template with a hexagonal arrangement. The CdS nanoparticles remained suspended until the solvent had fully evaporated to deposit at the meniscus sites at the base of the larger spheres. After rinsing, the larger silica spheres were completely removed because of the relatively weak adhesion between the sphere and flat substrate. With ambient drying, the smaller nanoparticles persisted on the surface to form circle patterns, as revealed in the tapping mode topograph of figure 12a. There is a hole in the center of each ring which pinpoints the location of uncovered substrate where the silica spheres had been attached. Areas between the rings contain a few bright spots which are residues of non-specifically adsorbed CdS nanoparticles and cysteine. There are 12 rings within the 2 × 2 µm 2 area of figure 12a, which would scale up to 300 million patterns/ cm 2 . Each ring contains clusters of 9-14 nanoparticles measuring 1.9 ± 0.6 nm in height, which corresponds to a single layer (Figure 12b ).
Arrays of organosilane nanostructures were prepared using particle lithography combined with vapor deposition of organosilanes for selective attachment of gold nanoparticles functionalized with silanol on silicon substrates, as reported by Lusker et al. [43] . Colloidal lithography was used to prepare a surface template of 200 nm latex spheres, which was then exposed to a heated vapor of OTS. After rinsing steps with sonication in ethanol and water, the sample with OTS patterns was immersed in a solution of gold nanoparticles (4.5 ± 0.4 nm) functionalized with a coating of bifunctional mercaptopropyltrimethoxysilane (MPTMS). Surface active nanoparticles attached selectively to the uncovered sites of substrate that were exposed when the latex mask was removed. After immersion in a solution of nanoparticles, a periodic arrangement of clusters of nanoparticles is evident in the tapping mode AFM topography (Figure13a) and phase frames ( Figure  13b ). The methyl-terminated areas of OTS provided an effective resist, since nonspecific adsorption of nanoparticles in areas of the matrix film in between the nanopatterns were not detected. A surface model of the interfacial chemistry for the colloidal lithography protocol is shown in figure 13c. Core-shell (MPTMS-gold) nanoparticles bound selectively to exposed areas of the silicon substrate through silanol bonds, whereas the methyl-terminated areas of OTS provided a mask to prevent binding of nanoparticles. Particle lithography was used to prepare surface patterns of core-shell nanoparticles to enable subsurface imaging with FMM as reported by Deese et al. [60] . A surface template of 500 nm latex spheres was prepared on silicon substrates by placing a drop (15 µL) of an aqueous solution on the substrate and then drying the sample in ambient conditions. The mask of latex spheres furnished a physical template for arranging smaller nanoparticles. Next, 20 µL of polystyrene-encapsulated cobalt nanoparticles (25 ± 3 nm diameter) in dichloromethane was deposited on top of the masked substrate and dried. The larger latex spheres were removed by rinsing in ethanol, while the smaller cobalt particles persisted on the surface. The nanopatterns of PS-Co nanoparticles were imaged with FMM mode to elucidate the shapes and size of the inner cobalt core underneath the polymer coating ( Figure 14) . A circular arrangement of nanoparticles is revealed in the topography frame of Figure 14a . The center of the rings indicates the sites of the template latex spheres. The concurrently acquired amplitude ( Figure 14b Nanopatterns of iron oxide nanoparticles (Fe 3 O 4 ) were prepared with a protocol of two particle lithography and characterized with MSM-AFM, by Kulkarni et al. [33] . A simple chemical strategy with basic steps of mixing, drop-deposition, drying and removing the surface template of latex spheres was used to accomplish colloidal lithography. The templating latex spheres 1 µm in diameter were mixed directly with smaller Fe 3 O 4 nanoparticles and deposited on glass substrates. After drying, the larger spheres of latex were physically removed by pressing a piece of adhesive tape on to the sample and pulling off the latex film. The metal nanoparticles assembled spontaneously in areas surrounding the latex template to form a periodic arrangement of clusters, with a few individual nanoparticles scattered in areas between the aggregates revealed in the MSM-topography frame of figure 15a. With the MSM mode, when no electromagnetic field was applied to the sample, there were no distinguishable features resolved in the corresponding MSM-amplitude ( Figure 15b and MSM-phase ( Figure 15c ) frames. When an AC electromagnetic field was applied (Figures 15d-15f) , the amplitude and phase channels reveal sensitive maps of the magnetic areas of the sample.
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Conclusions
The capabilities for preparing distinct, well-defined nanopatterns comprised of nanoparticles was reviewed along with strategies for subsequent measurements with SPM. To fully exploit the size-dependent quantum properties of metal nanoparticles, approaches for preparing defined arrangements of metal nanoparticles on surfaces with robust chemical or physical attachment are essential for the design and manufacture of next-generation devices. Beyond traditional applications of SPM for imaging, the capabilities for SPM-based nanofabrication were evaluated for studying nanoparticles. There are myriad possibilities for combining scanning probe microscopy techniques and nanoscale lithography for surface platforms used in sensors and electronic devices based on nanoparticles.
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